our projections to current conservation pressures, we explore the spatial congruence between 48 future anthropogenic climate change impacts, as suggested by our projections, and the degree 49 of contemporary human impacts on the ocean 7 . 50 51 Based on modelled distribution data 18 , we projected shifts in current thermal niche space for 52 each taxon by calculating the trajectory that isotherms will follow up to 2100 based on RCPs 53 4.5 and 8.5 (Table S2 and oceans, unequivocally linked to species distribution shifts 10, 11 . Our analysis thus provides the 59 simplest expectation for the future redistribution of biodiversity (i.e., ocean surface warming 60 is the only driver of change to which species respond by shifting their distributions). Our 61 projections of range shifts refer exclusively to those expected in response to changes in mean 62 sea surface temperature and should therefore be interpreted with this caveat in mind (see 63
Supplementary Material for a detailed discussion on the assumptions and uncertainties 64 associated with our model). The outcome of climate change on biodiversity will depend on 65 many abiotic and biotic factors, as well as on direct human impacts, besides global warming. 66 67 Our model predicts strong changes in present-day species richness ( Fig. 1a) , with contrasting 68 outcomes between climate-change scenarios and considerable regional variability (Figs 1b, c 69 and S5). These results are in general agreement with previously predicted patterns 5, 6 , 70 highlighting the pivotal role of temperature on species distribution shifts and supporting the 71 adequacy of our model. Though similar in the short-term ( Fig. S5 ), patterns of invasion and 72 extirpation under both RCPs clearly diverge in mid-century , which under the 73 RCP8.5 is a period of transition from a prevailing net gain to a net loss of biodiversity. 74
Overall, projections from RCP8.5 (2006-2100) show a symmetrical latitudinal peak in net 75 richness gain at ~20˚ N-S, and widespread areas of richness loss near the equator, 76 concentrated in the Central Indo-Pacific (Fig. 1c ). This pattern is consistent with that inferred 77 from paleontological records during past episodes of rapid climate warming 19 . High rates of 78 extirpation are expected for equatorial species under moderate warming (2-3 ˚C) 20 because 79 their thermal tolerance breadth reflects the low variability in temperature within their ranges, 80 while their capacity for acclimatization is comparatively lower 21 . Despite general spatial 81 patterns remained unaltered (see Supplementary Methods and Fig. S6 ), extirpations, but not 82 invasions, were highly sensitive to the criteria used to define the upper thermal tolerances of 83 species, which stresses the importance of this parameter and the narrow temperature margin 84 associated with local extinctions. In contrast, net losses under the RCP4.5 are projected to be 85 low by 2100 ( Fig. 1b ), with the symmetrical latitudinal peak in richness located at lower 86 latitudes (~10˚ N-S; Fig. 1b ); a pattern resulting from the overriding effect of species 87 invasions relative to local extinctions (Fig. S5 ). 88
89
Changes in composition of present communities are projected to be large by 2100 across the 90 Arctic, the Central Indo-Pacific, the 10-20˚ N-S latitudinal bands and the Southern Ocean 91 ( Fig. 2 a, b ). Changes are more intense and widespread under RCP8.5 (Fig. 2b ) than RCP4.5 92 ( Fig. 2a ), mainly driven by the invasion of species into local communities without loss of 93 resident species (i.e., nestedness; Fig. 2e ) and, in subtropical areas and the Southern Ocean, 94 temporal turnover (i.e., species replacement; Fig. 2c ). Recent evidence suggests that the 95 systematic loss of species is not a global driver of the temporal change in community 96 composition of present-day communities 2 ; we predict this will hold into the future. Although 97 extinctions are projected to be regionally important ( Fig. S5 ), it is their combination with the 98 invasion of species that ultimately drives the turnover of communities ( Fig. 2c, d) . The 99 intense replacement of species in these areas, located mainly within the Central Indo Pacific, 100 may facilitate the formation of no-analogue assemblages, resulting in novel species 101 associations and interactions 22 . Extensive areas experiencing little (31% and 77% of marine 102 cells with total dissimilarity < 0.1 for the RCP8.5 and RCP4.5, respectively) or no (3% and 103 20% with 0 dissimilarity) change in community composition by 2100 also occur ( Fig. 2a, b) . 104 These areas of low climate-change velocity, with strong temperature gradients or with stable 105 future climatic conditions ( Fig. S2) , have good potential for protected areas resilient to 106 climate change 3 . In the absence of extirpations, widespread invasions are projected to result 107 in the strong biotic homogenization and increase in diversity of communities ( Fig. 3) , with 108 different locations within regions sharing an increased number of species (Figs 1-2). 109 Otherwise, regional spatial heterogeneity will increase for those areas where large numbers of 110 species are extirpated (e.g., tropics under the RCP8.5), and for no-change areas (e.g., coastal 111 areas of the Arctic under both scenarios). Though the outcome of invasions on biodiversity 112 will depend on the nature of the interaction between invasive and resident species 23 Fig. 4 ). These are areas where proactive conservation efforts directed towards preserving and 139 protecting the integrity and functioning of current ecosystems, rather than maintenance of 140 individual species, could be considered appropriate. Amongst these regions, the Coral 141
Triangle and neighbouring EEZs emerge as unique in that the strongest contrasts between 142 results associated with the two RCPs can be expected. 143
144
With current emissions tracking slightly above RCP8.5, preventing an increase in global 145 temperature >2°C seems increasingly unlikely 13 . Both empirical 20 and modelled 5 evidence 146 suggests that impacts of global warming on marine biodiversity are likely to be dramatically 147 different within a very narrow margin of temperature increase. While our results support this 148 hypothesis, they also suggest an intense redistribution of current biodiversity patterns 149 regardless of the scenario followed. Centres of global marine biodiversity have shifted in 150 location over geological timescales, mainly driven by major tectonic events 25 , with current 151 biodiversity patterns being established well before the Pleistocene over 2.5 million years ago. 152
Our projections, however, suggest strongly that generalised changes in the global distribution 153 of marine species will occur over the course of the century driven by anthropogenic climate 154 change. These results de-emphasise biodiversity loss attributed directly to anthropogenic 155 ocean warming but highlight the future global biotic homogenization of marine communities 156 with stress due to novel biotic interactions. Current conservation plans will therefore need to 157 anticipate and accommodate such changes, unprecedented in human history. Our results also 158 reinforce current concerns over global warming and ocean governance 26 and their potential 159 effects on the spatial mismatch between scales of governance and ecosystem conservation. 160
Because effects of climate change will transcend jurisdictional borders, proactive 161 conservation efforts should be made at adequate scales of governance through effective 162 marine spatial planning, including, for example, promoting regional conservation frameworks 163 for cross-country cooperation. 164 165 Methods. Climate data and velocity of climate change. We used projected (2006-2100) mean annual sea 166 surface temperature (SST) data from multi-model ensemble means (Table S2) (Table S1) Table S3 for a detailed account by EEZ. Figure S4 . Schematic of the process followed to project the future distribution of a species based on the trajectories followed by its thermal envelope. Figure S6 . Sensitivity analysis on the taxonomic maximum thermal tolerance limit.
Supplementary Tables
Table S1. List of phyla included in the analysis with their corresponding number of species and the variation in range (proportion) produced by adopting a 0.4 probability of occurrence threshold as compared to a non-exclusive criterion (i.e., presence where probability > 0). Table S2 . Model names and institutions that provided the model output on which the multimodel ensemble means used in this study are based. Table S3 . Mean cumulative human impact index and projected net change in species richness (∆R) and composition (Sørensen dissimilarities, D) within exclusive economic zone (EEZ; n = 225) and sovereign region (n = 156) by year 2100 under the RCP4.5 and RCP8.5.
Supplementary Methods

Climate Data and velocity of climate change
We used projected (2006-2100) mean annual sea surface temperature (SST) data from multi-model ensemble means (Table S2) produced for each combination of climate change period and climate scenario by dividing the corresponding SST linear trend (°C yr -1 ) by the spatial gradient (°C km -1 ) using the associated spatial angles as an estimate of direction 14 .
Species distribution maps
Modelled species distribution data (Table S1) were extracted from AquaMaps 18 . AquaMaps maps predict relative probabilities of species occurrence (0-1 range) derived from an environmental niche envelope model supplemented with species-specific information from occurrence records and, where available, expert knowledge (6.6% of the maps available as for 08.12.2014). Transfer of these probabilities into presence/absence range maps implicitly ignores niche suitability information, which can overestimate the range of cosmopolitan species in marginally suitable areas (e.g., truly oceanic species on shelf areas). This effect is customarily controlled by imposing a probability threshold on species presence that restricts the resulting range map to those regions of high environmental suitability for the species (i.e., core range). The influence of the choice of threshold on the resulting range maps is speciesspecific and mainly dependent upon the environmental specificity of the species defining the probability of occurrence distribution. Importantly to the type of analysis conducted here, previous studies using data sets sourced from AquaMaps have demonstrated that resulting global biodiversity patterns are largely insensitive to this parameter for moderate thresholds (< 0.5) 5, 30 . In general, ranges of widespread generalists, associated to multiple environments with different probability of occurrence, are the most affected while endemic or habitat specialists are relatively insensitive because they have a high probability of occurrence across their entire range. Here we used an arbitrary minimum threshold of 0.4, resulting in an overall range reduction of -24 ± 14 % (mean ± 1 SD) from that generated by using a non-exclusive approach (species presence defined by probability of occurrence > 0), with considerable among-phyla variation (Table S1 ).
Resulting distribution maps (0.5˚-resolution) were subsequently up-scaled to match the 1˚resolution of the climate data by applying a ≥ 50% cell occupancy criterion to assign cell presence (i.e., two or more of the four 0.5˚ cells occupied). This is a subjective, though logical, choice that exclusively affects cells at the range edges and depends on the actual shape of the distribution range (e.g., range variation higher for convoluted than regular shapes). Relative to ranges defined by the adopted 0.5 threshold, the use of a more conservative (4 cells out of 4) or inclusive (1 cell out of 4) criterion resulted in mean range variations across all taxa of -61 ± 20 % and 24 ± 9 %, respectively.
Environmental temperature extremes and taxon-specific thermal tolerance limits
Environmental temperature extremes for each projected period were defined from the multi-model ensemble mean SST data as the maximum and minimum mean monthly SST within that period for each climate scenario. Species' thermal tolerance limits were estimated from the 1º-resolution HadISST 1.1 global sea-ice and SST data baseline climatology as one standard deviation above/below the inter-annual mean of the annual maximum/minimum mean monthly SST within the species' initial (2006) range (Fig. S3 ).
Given the lack of experimental data for most of the species, our definition of the thermal tolerance limits is subjective but pragmatic. Specifically, it intends to incorporate the potential effect of historical variability in mean SST: the greater the magnitude of temperature variation within a species' range, the wider physiological windows are expected to be in poikilothermic animals (i.e., the climate variability hypothesis) 32 . Nevertheless, because this parameter is likely to have a strong influence on model projections (see next section for a description of the modelling process), we conducted sensitivity analysis to examine how the selection of more (i.e., ± 2 SD) or less (i.e., using only the mean) conservative thermal limits would influence model outputs (Fig. S6 ). Whereas patterns of leading-edge expansions (i.e., invasions) remained unaltered irrespective of the minimum thermal limit chosen (results not shown), selection of the maximum thermal limit influenced strongly the number of trailing-edge contractions (i.e., extirpations), particularly under RCP8.5, though their geographical patterns were in general good agreement (Fig. S7 ).
Defining thermal tolerances for marine ectotherms based on their distribution ranges is a reasonable approach in the absence of empirical data because they are mainly thermal range conformers 33 (i.e., they tend to occupy fully their potential thermal niche). However, we still know very little about the actual contribution of natural variability towards their thermal tolerance limits. Irrespective, because empirical estimates of physiological thermal limits are themselves prone to bias resulting from plasticity to environmental constraints 34 , no approach is likely to give the true answer.
Climate niche trajectories and redistribution of species
Given the realized thermal niche of a species i at time t (ܰ ௧ ), defined by its current distribution ‫ܦ(‬ ௧ ) and assumed to be equal to its potential thermal niche, its distribution at the end year of the simulation period ‫ܦ(‬ ௧ା ) was calculated as follows ( Fig. S4) (Fig. S4a) , thereby explicitly accounting for climate connectivity.
3. Estimate the final realized distribution of the species ‫ܦ(‬ ௧ା ) by checking each cell within its potential distribution range against corresponding habitat and thermal filters:
a. Presence cells were first checked for habitat suitability (Fig. S4b) . 
Supplementary Discussion
Our bioclimatic envelope model relies on a series of key assumptions that require further comment:
1. The central assumption of our model is that SST is the primary component of a species' climate niche, which it seeks to maintain over time. This is a widely supported notion 8, 9, 33 . We further assume that climate migrants will track their shifting thermal niches in the direction and at the rate dictated by local climate velocity. Supporting evidence on this assumption, though less established because of the relatively novelty of the climate velocity concept, is also strong 11, 15 and, importantly, robust to differences in life history 11 . Despite the general sensitivity of the distribution of marine species to global warming 11, 12 , not all species will need to, or be able to, track their shifting thermal niches, and even when doing so they might show a lagged response 15 , which will undoubtedly affect range dynamics.
By inferring changes in species distribution from shifts in thermal niche space, we
have purposely omitted many other important biotic, abiotic and anthropogenic drivers. Ocean acidification is, for example, another global stressor expected to influence marine biodiversity strongly under future anthropogenic climate change.
Because pH and the solubility of carbonate are naturally lower at higher latitudes due to the lower water temperatures, distribution shifts responding to ocean acidification (towards the equator) could be expected to counter those elicited by warming Figure S4 . Schematic of the process followed to project the future distribution of a species based on the trajectories followed by its thermal envelope. Assuming a species i fully occupies its thermal niche at a given time t (i.e., its potential and realized thermal niches are the same ‫ܦ‬ ௧ =ܰ ௧ ), its distribution at time t+n is estimated by (a) determining the new location for its thermal niche (blue cells) by projecting each cell within its current range (green cells) following the direction and speed dictated by the cell-specific climate velocities. The resulting new potential distribution for the species comprises the old and new location of its thermal niche together with all the intermediate cells (unfilled yellow cells) through which the niche passed to reach its final position. Presence or absence of the species at each cell within the new domain is thereafter determined by (b) checking for habitat suitability (i.e., removing cells falling outside depth limits for neritic sublittoral species) and (c) checking for thermal occupancy by comparing the corresponding cell temperature extremes
) with the species' thermal tolerance limits (ܶℎ ௫/ ) with four possible outcomes (d): (1) range contraction (green dashed cells) from areas currently occupied from which the species is extirpated as maximum temperature extremes exceed its upper thermal tolerance, (2) distribution stasis (dark brown cells) are areas where the species was originally found and that remain within the thermal tolerance limits for the species, (3) range expansion (light brown cells) as areas currently not occupied and becoming thermally suitable for the species, and (4) thermal intolerance (dashed blue cells) as new cells occupied by the thermal niche which the species can however not colonize because the minimum temperature extreme is below its lower thermal tolerance. The resulting realized distribution ‫ܦ(‬ ௧ା ; brown cells) is then used as the new thermal niche for projection into the next time point. Note that because climate velocities and thermal niches are based on mean annual SST while thermal suitability is estimated from absolute mean monthly maximum and minimum SST, it is possible for part of the new thermal niche to be unsuitable due to the maximum/minimum temperature extremes being above/below the thermal tolerance for the species. Supplementary Tables   Table S1 . List of phyla included in the analysis with their corresponding number of species and the variation in range (proportion) produced by adopting a 0.4 probability of occurrence threshold as compared to a non-exclusive criterion (i.e., presence where probability > 0). 
